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THE SPECTRUM OF DIQUARK COMPOSITES
IN COLD DENSE QCD
IGOR SHOVKOVY∗†
Physics Department, University of Cincinnati
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The Bethe-Salpeter equations for spin zero diquark composites in the color superconduct-
ing phase of Nf = 2 and Nf = 3 cold dense QCD are studied. The explicit form of the
spectrum of the diquarks with the quantum numbers of the (pseudo-) Nambu-Goldstone
bosons is derived.
In this talk, I report on the progress in studying the spectrum of diquark bound
states in color superconducting phase of cold dense QCD. It is based on a series of
papers done in collaboration with V.A. Miransky and L.C.R. Wijewardhana.1
Despite recent advances in studying the color superconducting phase of dense
QCD,2,3,4,5 the detailed spectrum of diquark bound states (mesons) in such a phase
is still poorly known. In fact, most of the existing studies deal only with the case
of the Nambu-Goldstone (NG) bosons.5 This is partly because many properties of
such states could be derived from symmetry arguments alone.
In order to determine the spectrum of other diquark bound states, one should
consider the Bethe-Salpeter (BS) equations in the appropriate channels.1 Of special
interest are the bound states with the same quantum numbers as those of the NG
bosons. Indeed, recently we argued6 that the spectrum of a color superconductor
may contain an infinite tower of massive diquark states with such quantum numbers.
Let me start with the case of two flavor QCD. The original SU(3)c color gauge
group is broken down to SU(2)c subgroup by the Higgs mechanism. Five NG bosons
[a doublet, an antidoublet and a singlet with respect to the unbroken SU(2)c] are
removed from the physical spectrum, giving masses to five gluons. The spectrum
contains, however, five (nearly) massless pseudo-NG bosons, and an infinite tower
of massive diquark singlets [with respect to the unbroken SU(2)c subgroup]. Fur-
thermore, the following leading order mass formula is derived for the singlets:
M2n ≃ 4|∆|2
(
1− α
2
sκ
(2n+ 1)4
)
, n = 1, 2, . . . , (1)
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where κ is a constant of order 1, |∆| is the dynamical Majorana mass of quarks, and
αs is the value of the running coupling constant related to the scale of the chemical
potential µ.
Some qualitative features of the diquark pairing dynamics at large µ could be
understood even without a detailed analysis of the BS equations. The important
point to notice is that the left- and right-handed sectors of the theory are approx-
imately decoupled. Then, as far as it concerns the diquark paring dynamics, the
leading order of QCD would not change if the gauge group is enlarged from SU(3)c
to the approximate SU(3)c,L × SU(3)c,R. In the theory with SU(3)c,L × SU(3)c,R
gauge group, the pattern of the symmetry breaking is SU(3)c,L × SU(3)c,R →
SU(2)c,L × SU(2)c,R, and ten NG bosons should appear. They are, however, un-
physical because of the Higgs mechanism. Since the true gauge group of QCD is
vector-like SU(3)c, only five NG bosons (scalars) are removed from the spectrum of
physical particles. The other five NG bosons (pseudoscalars) should remain in the
spectrum. Clearly, in the complete theory, these latter are the pseudo-NG bosons,
getting non-zero masses due to higher order (possibly, non-perturbative) correc-
tions. At large µ, it is natural to expect that the masses of the pseudo-NG bosons
are small even compared to the value of the dynamical quark mass.
While omitting the detailed analysis of the BS equations,1 let me mention that
the structure of the BS wave functions in the case of the (pseudo-) NG bosons is
unambiguously obtained from the Ward identities. By making use of the solution, it
is straightforward to derive the decay constants and the velocities of the (pseudo-)
NG bosons in the Pagels-Stokar approximation. The result reads1
F =
µ
2
√
2pi
and v =
1√
3
. (2)
Now, what is the role of the Meissner effect in the problem at hand? As is well
known, this effect is irrelevant for the dynamics of the gap formation in the leading
order of dense QCD.4 The paring dynamics of the massive diquarks, on the other
hand, is very sensitive to the Meissner effect.1 This is because of the quasiclassical
nature of the corresponding bound states whose binding energy is small compared
to the value of the quark mass. The detailed analysis shows, in fact, that only the
gluons of the unbroken SU(2)c could provide a strong enough attraction to form
massive radial excitations of the (pseudo-) NG bosons. Essentially, this is the reason
why there are no towers of massive states in the doublet and antidoublet channels.
Because of the approximate degeneracy between the left- and right-handed (or,
equivalently, scalar and pseudoscalar) sectors of dense QCD, the spectrum of mas-
sive states reveals the property of parity doubling. This means, in particular, that
all diquark singlets with masses in Eq. (1) come in pairs of approximately degenerate
parity even and parity odd states.
At the end, let me briefly describe the situation in dense QCD with three
quark flavors. The ground state of this model is the so-called color-flavor locked
(CFL) phase.7 The original gauge symmetry SU(3)c and the global chiral symme-
try SU(3)L × SU(3)R break down to the global diagonal SU(3)c+L+R subgroup.
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Out of total sixteen (would be) NG bosons, eight are removed from the physical
spectrum by the Higgs mechanism, providing masses to eight gluons. The other
eight NG bosons show up as an octet [under the unbroken SU(3)c+L+R] of physical
particles. In addition, the global baryon number symmetry and the approximate
U(1)A symmetry also get broken, and an extra NG boson and a pseudo-NG boson
appear in the low energy spectrum. They both are singlets under SU(3)c+L+R.
The analysis of the BS equations is similar to that in the two flavor case. The
structure of the BS wave functions of the (pseudo-) NG bosons is again derived
from the Ward identities. The Pagels-Stokar approximation gives qualitatively the
same results for the decay constants and the velocities as in Eq. (2). In Nf = 3
dense QCD, however, there are no massive radial excitations of the (pseudo-) NG
bosons. In brief, this is related to the fact that all eight gluons are subject to the
Meissner screening in the CFL phase.1
In conclusion, the spectrum of diquarks with the quantum numbers of the
(pseudo-) NG bosons is determined by using the method of the BS equation. The
existance of five pseudo-NG bosons in Nf = 2 dense QCD is revealed for the first
time. Taking these diquarks into account may be important for deriving some
thermodynamic properties of dense QCD.
Acknowledgements
I would like to thank V. Miransky for useful comments on the manuscript. This work
was supported by the U.S. Department of Energy Grant No. DE-FG02-84ER40153.
References
1. V. A. Miransky, I. A. Shovkovy, and L. C. R. Wijewardhana, hep-ph/0003327; Phys.
Rev. D 62, 085025 (2000); hep-ph/0009173.
2. M. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. B422, 247 (1998); R. Rapp,
T. Scha¨fer, E.V. Shuryak, and M. Velkovsky, Phys. Rev. Lett. 81, 53 (1998).
3. D. T. Son, Phys. Rev. D 59, 094019 (1999); R. D. Pisarski and D. H. Rischke, Phys.
Rev. Lett. 83, 37 (1999).
4. T. Schafer and F. Wilczek, Phys. Rev. D 60, 114033 (1999); D. K. Hong, V. A. Miran-
sky, I. A. Shovkovy and L. C. R. Wijewardhana, ibid. 61, 056001 (2000); R. D. Pisarski
and D. H. Rischke, ibid. 61, 051501 (2000); W. E. Brown, J. T. Liu and H.-C. Ren,
ibid. 61, 114012 (2000); S. D. H. Hsu and M. Schwetz, Nucl. Phys. B572, 211 (2000);
I. A. Shovkovy and L. C. R. Wijewardhana, Phys. Lett. B 470, 189 (1999); T. Schafer,
Nucl. Phys. B575, 269 (2000).
5. D. T. Son and M. A. Stephanov, Phys. Rev. D 61, 074012 (2000); ibid. 62, 059902(E)
(2000); K. Zarembo, ibid. 62, 054003 (2000); R. Casalbuoni and R. Gatto, Phys. Lett.
B 464, 111 (1999); M. Rho, A. Wirzba and I. Zahed, ibid. 473, 126 (2000); D.K. Hong,
T. Lee and D.-P. Min, ibid. 477, 137 (2000); C. Manuel and M.G.H. Tytgat, ibid. 479,
190 (2000); S.R. Beane, P.F. Bedaque and M.J. Savage, ibid. 483, 131 (2000); M. Rho,
E. Shuryak, A. Wirzba and I. Zahed, Nucl. Phys. A676, 273 (2000).
6. V. A. Miransky, I. A. Shovkovy and L. C. R. Wijewardhana, Phys. Lett. B 468, 270
(1999).
7. M. Alford, K. Rajagopal, and F. Wilczek, Nucl. Phys. B537, 443 (1999).
